Polycrystalline VO 2 film characterization by quantum capacitance measurement Capacitance measurement is performed using a home-built bridge on quasi two-dimensional vanadium dioxide films grown on silicon-dioxide/p-doped silicon substrates. Correlated effects appearing in the quantum capacitance are obtained as a function of temperature at low frequencies. The thermodynamic density of states reveals the opening band gap in the insulating monoclinic phase. Vanadium dioxide (VO 2 ), a representative correlated oxide compound, undergoes a temperature (T)-driven metalinsulator transition (MIT) 1 near room temperature ($340 K), making VO 2 appealing for a broad range of applications. In addition to the orders of magnitude changes in resistivity q, 1 many experiments (electron diffraction, 2 photoemission, 3 x-ray, 4 THz, 5, 6 optical, 7 dielectric, 8, 9 and capacitive 10, 11 ) reveal changes in the structure, reflectivity, etc. Furthermore, these properties display a complicated dependence on film quality, grain size, strain, and choice of substrate. [12] [13] [14] For this multi-faceted transition, both Mott-Hubbard [15] [16] [17] [18] [19] and Peierls [20] [21] [22] [23] mechanisms are supported, though neither provides a complete picture, leading to a long-standing debate. 24 Quantum capacitance C q measurement is an excellent candidate for probing the changing correlation energy and band structure at the MIT. As pioneered in several previous reports, [25] [26] [27] [28] these energies can produce corrections to the total capacitance of a device, appearing as an extra term in series to the geometric contribution
where C s is the total measured value. Thus, sensitive capacitive probing of a VO 2 film undergoing the MIT has the potential to detect changes in the density of states (DOS), which is inversely proportional to the quantum capacitance dn/dl ¼ e 2 A/C q . Several outstanding challenges make it difficult to characterize the sample in this way. First, C geo (T) must be accurately determined and eliminated from the final result. Second, C q is large in the metallic regime, representing little energy cost, and is difficult to resolve. Third, as resistance rises by orders of magnitude, it can easily couple with any stray reactance and distort the capacitance measurement.
These challenges are overcome by using a homemade bridge capable of resolving capacitance changes to 1 fF (about 0.001% of the total capacitance). Through a careful frequency dependence measurement, we identify not only the geometric capacitance (which varies slightly with T), but also a range of frequencies for which the capacitance measurement is unaffected by the increasing resistance. C q is then resolved from a finite hysteresis that develops between C s and C geo in the transitioning and insulating states. We find that the DOS drops drastically below the MIT, corresponding to the opening energy gap below the transition temperature.
A capacitor is formed by growing VO 2 film (130 nm) on silicon-dioxide/p-doped silicon substrate [ Fig. 1(a) ] via pulsed laser deposition. A metallic vanadium target was ablated using a KrF excimer laser (LambdaPhysik LPX 200, k ¼ 248 nm) at 10 Hz repetition rate and 350 mJ pulse energy, while the temperature at the substrate was maintained at 595 C. The deposition time was 10 min, and the conditions were very similar to those reported previously. 29 Ohmic contacts to the VO 2 are made using gold wire glued to the film by silver paint capacitance measurements are performed at high vacuum (%10 À5 mbar) in a chamber isolated from vibration. Resistive heaters are used to drive T variation of the thermal reservoir at rates of 0.1-0.3 K/min with resolution 0.01 K. Excellent thermal contact between the substrate and thermal reservoir eliminates T lag at such low ramp rates.
Both resistance and capacitance changes are measured using the bridge shown schematically in Fig. 1(c) (also, see Ref. 30) . A Gertsch 7-digit ac ratio standard provides the adjustable inductors L 1 and L 2 . The reference components C r and R r are silver mica capacitors and carbon film resistors, respectively. Each measurement begins by heating the sample to 360 K, well into the metallic state, and adjusting the components L 1 , L 2 , R r , and C r to null the bridge voltage V b . The sample is then taken through a thermal cycle while L 1 , L 2 , C r , and R r remain fixed (at room temperature outside the vacuum chamber). Rather than re-balancing the bridge at each temperature, we continuously monitor V b and convert the imbalance to changes in sample impedance Z s . Within a certain range of frequencies f, the real and imaginary quadrature components of V b (Re[V b ] and Im[V b ] are measured using a lock-in amplifier having 20 lrad phase resolution) independently provide the changing sample capacitance C s and sheet resistance R s as discussed below.
A detailed model of the sample impedance Z s appears in Fig. 1(d) . In addition to C s and R s , the SiO 2 dc resistance R and the capacitive coupling C 0 between different points of the film (C 0 ՇC s occurs mostly through the gate) have been included. If f is chosen large enough that capacitive coupling between the VO 2 film and the gate is much greater than conduction through the dielectric (1/xC s ( R) yet small enough that R s ( 1=xC 0 and that the in-plane voltage drop across the resistive film remains negligible compared to the gate potential, then the sample simplifies to a capacitor with equivalent series resistance (ESR) Z s % R s þ ðixC s Þ À1 .
Under these conditions,
This greatly aids the data analysis since C s and R s appear separately in the real and imaginary components of V b , as mentioned above. Finally, the terms of Eq. (2) can be inverted to express C s and R s . The film resistance is
In the present sample geometry, it would be difficult to accurately convert R s to resistivity, so this has been left as an extrinsic parameter in the results. For the small capacitance changes observed ½dC s =ðC
where
is set to seven digits accuracy by ratio transformer. This proportionality constant is obtained from the Taylor expansion of Eq. (a) to (b)]. For larger f, the real and imaginary traces have almost the same shape, indicating that f is outside the range for which R s and dC s can be decoupled as discussed above. Regardless of f, all traces collapse onto a single curve in the metallic regime, where C s ¼ C geo . This allows the smooth T-dependence of C geo to be identified and extrapolated below the MIT as a dashed line. In this region, the 15.5 Hz and 27.6 Hz measurements overlap nearly perfectly. For this range of f over which C s is frequency independent, Eqs. (2) and (3) are validated. Figure 4 focuses on the 15.5 Hz result from above. Panel (a) reproduces the data from Fig. 3(d) with estimated geometric contribution (dashed line). To both has been added a constant, the total capacitance measured at the balance point, C 360 K s ¼ 693:1 pF. Dotted error bars indicate uncertainty in V b , which drifts up and down within a narrow range on the time scale of a few hours or more when the sample is at fixed temperature. This is much smaller than the observed hysteresis, and only affects our ability measure the sign of C q in the metallic regime [as shown in panel (b)]. Panels (b) and (c) display dl/dn and dn/dl with the associated uncertainty. Fig. 4(b) demonstrates the finite energy cost for charging the film by amount dn during a charging cycle. For this measurement, dn ¼ 3 Â 10 9 cm À2 is 3 or more orders of magnitude less than the carrier density n (discussed below). The charging energy [at most (dl/dn)dn ¼ 6 meV or 70 K] is then a small perturbation of the system, far less than the thermal energy at the MIT. Though clearly positive in the insulating regime, the sign of dl/dn becomes difficult to determine as the metallic state is approached. To increase the resolution of C q requires much thinner, high quality dielectric which is experimentally difficult to achieve. Thus, the possibility of negative compressibility j ¼ n À2 dn/dl, a signature of strongly correlated charges previously observed in other systems, [26] [27] [28] requires further investigation. Figure 4 (c) displays the DOS on a linear scale over the range for which sign(dl/dn) can be determined. With increasing T the DOS grows very large, as expected for metal. Below the MIT, dn/dl shows only slight temperature dependence. The slope changes abruptly at the transition point and cannot be fit to a power-law or exponential dependence on T. In fact, the concave of the slope changes sign from positive to negative upon cooling, suggesting a cross-over between different mechanisms at the transition.
Using a homemade bridge, we perform quantum capacitance measurement on polycrystalline VO 2 thin films deposited on SiO 2 dielectric above a p-doped Si gate. It is demonstrated that slow oscillations allow accurate capacitance measurement in both the metallic and insulating phases. Using perturbative signals much lower than the ambient thermal energy, we probe the electronic states as the sample undergoes a temperature-driven MIT near 340 K. Hysteresis on the order of 0.05% is observed in the capacitance which is difficult to resolve at such low frequency using a commercial LCR meter. The corresponding drop in the DOS is consistent with the opening of a band gap in the insulating phase. It would also be nice to extrapolate the size of such a gap. Unfortunately, this depends crucially on changes in the carrier density which can vary by several orders of magnitude across the MIT. 31 This is best obtained using Hall measurement, which we cannot perform at this time but will revisit in a future publication.
Though macroscopic films, such as the samples studied here, are useful for application, they tend to smear out the transition due to their polycrystalline nature. This is especially pertinent to films on SiO 2 substrate where x-ray diffraction indicates that the crystal orientation is less uniform than for other substrates such as sapphire. There is also some question as to whether surface states at the SiO 2 /VO 2 interface can affect sensitivity to changes in the film. 10 If so, this might be eliminated by using a suitably thin non-oxide dielectric. Future work will focus on improved dielectrics that are thinner to maximize C geo and on single crystal VO 2 samples to provide higher resolution near the transition. At this stage, our measurement does not support any one transition mechanism since both the Mott-Hubbard and Peierls pictures produce a gap in the electronic spectrum. We hope that a more detailed view of the changing DOS can soon shed light on this debate.
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